ABSTRACT: This article reviews recent developments and major issues in the use and design of biomaterials for use as scaffolds in pediatric tissue engineering. A brief history of tissue engineering and the limitations of current tissue-engineering research with respect to pediatric patients have been introduced. An overview of the characteristics of an ideal tissue-engineering scaffold for pediatric applications has been presented, including a description of the different types of scaffolds. Applications of scaffolds materials have been highlighted in the fields of drug delivery, bone, cardiovascular, and skin tissue engineering with respect to the pediatric population. This review highlights biomaterials as scaffolds as an alternative treatment method for pediatric surgeries due to the ability to create a functional cell-scaffold environment. 
T he field of tissue engineering involves replacement of damaged or diseased tissue to maintain or improve tissue function. Both engineering and biologic principles are applied to achieve this goal (1) (2) (3) . Over the years, tissue engineering has evolved from engineering organ tissue to mimicking cellular function. Biomaterials play an important role in advancing the field of tissue engineering and have resulted from a marriage of disciplines including life sciences, medicine, materials science, and engineering. Biomaterials are not new; throughout history there are references to glass eyes and wooden or gold-filled teeth (4 -6) . A relatively new development, however, is the close working relationships between the above-mentioned disciplines. Biomaterials are regarded as natural or synthetic materials used to replace part of a living system or to function in intimate contact with living tissue. They can serve as a scaffold designed to replace, repair, and sustain organ structures. In the past decade, numerous scaffolds have been developed for a variety of tissue-engineering applications (7) (8) (9) (10) (11) . However, limitations of the scaffolds involve mechanical material failure, material-associated infection, and immunogenic reaction to implanted materials. Keeping in mind these limitations, scaffolds designed for pediatric applications require further modifications. Over the lifetime of a pediatric patient, the material would have to grow and remodel itself with the changing physiologic and biologic environments. Moreover, after implantation the pediatric patient would be further susceptible to foreign material as the immune system is not completely developed. However, pediatric patients have exhibited a higher regenerative capacity compared with adults because younger cells have undergone less stress and age damage. This review studies novel biomaterials as scaffolds and pediatric tissue-engineering applications.
CHARACTERISTICS OF AN IDEAL SCAFFOLD
Before developing a scaffold for any tissue-engineering application, the material and biologic properties have to be evaluated. Initially, depending upon the application, mechanical properties should be studied keeping in mind the surrounding environment of the scaffold once placed in an in vivo system. For example, while developing a scaffold for the mandible bone; the mechanical properties have to be considered as it is one of the strongest bones (12) . However, for the orbital bone which is 0.5 mm thick the mechanical properties do not play a role in scaffold design as it does not bear a large mechanical load (13) . Scaffold evaluation also includes studying the correct degradation rate, which is important because as the scaffold degrades it is replaced by natural tissue. Depending upon the type of tissue to be replaced, the degradation rate can be controlled by changing the physical or chemical scaffold properties. Scaffold degradation rate also influences the creation of degradation by-products, which may interfere with the tissue repair process by obstructing tissue growth or causing inflammation (14, 15) . Scaffold porosity is also important to promote cell proliferation and differentiation and also for exchange of nutrients and metabolites. The surface properties and the ability to mold the scaffold into a specific construct are also critical, and depend upon the specific application. For example, bone tissue engineering typically requires a cube or disc-shaped scaffold (16) . Nerve, vascular, and trachea tissue engineering usually requires tube-shaped scaffolds (17) . Skin, intestine, and liver tissue engineering generally require scaffolds in the form of a flat matrix (18) . Scaffolds are also available in the form of injectable gels, which can be used to fill irregularly shaped defects (19) . Once the material properties of the scaffold have been characterized, further biologic testing is required. This includes studying the immune and foreign body reactions, and the implementation of different cells or growth factors to enhance the properties of the scaffold. For pediatric applications, scaffolds should be biocompatible, biodegradable, nonimmunogenic, and nontoxic. They should successfully promote cell growth, differentiation, attachment, and migration and be responsive to growth and development changes. Finally, they should be easy to manufacture, sterilize, and microsurgically implant.
TYPES OF SCAFFOLDS
Natural scaffolds. Natural scaffolds are made up of protein or carbohydrates with particular biochemical, mechanical, and structural properties. They can be derived from plant or animal sources, and are mostly found to be both biocompatible and biodegradable. These scaffolds have an increased advantage due to the presence of multifunctional groups on scaffold surfaces, which can be tailored according to specific applications. For example, collagen, chitosan, hyaluronic acid, fibrin, and gelatin are all natural scaffolds, which have been applied for the repair and reconstruction of tissues (20 -24) . Porcine collagen is a commercially available graft, which has been previously used as a tissue-engineering scaffold. It has also been applied in a pediatric patient to close the anterior abdominal wall after a surgical procedure. The graft was in the form of a sheet, acellular and did not provoke an immune response. After 18 mo, the wound had healed and the collagen graft was successfully applied for abdominal wall reconstruction (25) .
Hyalomatrix composed of silicone and hyaluronic acid has been previously used to treat pediatric burn patients (26) . They successfully covered the dermal plane and actively stimulated spontaneous healing. The matrix had a slow degradation rate compared with the current treatment methods and as a result provided a sufficient time frame for complete wound healing.
Recently, human fibrin was used as a scaffold to culture pediatric auricular chondrocytes to engineer elastic cartilage. Gene expression studies demonstrated that the engineered cartilage resembled the features of native elastic cartilage and could be applied as a scaffold for pediatric ear reconstructive surgery (25) . Thus natural scaffolds have been applied for a variety of tissue-engineering applications. However, limitations include the inability to control or modify the chemical and biologic properties of these scaffolds for specific applications. Thus, focus has been placed on synthetic and blended biomaterials.
Synthetic scaffolds. Synthetic biomaterials are being favored as scaffolds as their physical and biologic properties can be modified and they can be reproduced in similar and large quantities. The major classes of synthetic biomaterials include glycolic acid derivatives, lactic acid derivatives, and other polyester derivatives. A study evaluated the potential of a copolymer scaffold of L-lactide and -caprolactone (50:50) seeded with pediatric autologous bone marrow cells for cardiovascular tissue-engineering applications. Two scaffolds were created, one in the form of a conduit for extracardiac total cavopulmonary connection and another in the form of a patch for the repair of congenital heart defects. They were implanted in patients with a median age of 5.5 y and evaluated for a period of 1.3-31.6 mo. At the end of the evaluation period, they observed that the conduits and patches showed normal function comparable with living tissue. Studies with cineangiography or computed tomography indicated no aneurysm formation or calcification. Interestingly, over time the conduit diameter increased, not seen with the current prosthetic implants which need to be replaced as pediatric patients grow. Thus, this is a promising result in the field of pediatric cardiovascular surgery (27) . A more recent study created a vascular scaffold with the potential of repair, remodeling, and growth for pediatric cardiovascular tissue-engineering applications. Biodegradable tubular scaffolds were constructed from polyglycolic acid mesh coated with a copolymer of poly [epsilon-caprolactone-L-lactide]. The scaffolds were seeded with a mixed population of smooth muscle cells and endothelial cells cultured from ovine bone marrow-derived vascular cells. These autologous venous conduits were implanted in juvenile lambs and were evaluated up to 30 d postsurgically. Results indicated the scaffold was unobstructed and no evidence of thrombosis was noted. Histologic results demonstrated that the scaffold wall was composed of neo-tissue made up of residual polymer matrix, mesenchymal cells, and extracellular matrix without evidence of calcification (28) . Several other research groups have developed synthetic materials for pediatric tissue-engineering applications (29 -32) .
Hydrogels. Hydrogels are made up of polymer chains, which swell in an aqueous solution, and can be natural or synthetic in nature. Hydrogels are typically fabricated with thermally, chemically, or photochemically induced radical initiators, forming a covalently bound polymer network (33) (34) (35) . These gels are often designed to be biodegradable, as they can be degraded within the body by water or natural enzymes and ultimately absorbed. Hydrogels are typically biocompatible, owing to their large water content, as they do not provoke an immune response and cause inflammation. Thus, hydrogels have been found to possess tissue-like properties as they can be successfully used to encapsulate cells and create a cellscaffold environment (36, 37) . Hydrogels can also be used in an injectable form to repair irregular shaped defects and for cosmetic surgery. These gels have been extensively studied in drug delivery and cell encapsulation. A more common commercial application of hydrogels is contact lenses. For example, a recent study evaluated the efficacy of an aloe vera hydrogel in the form of a bioadhesive patch for treatment of aphthous stomatitis (mouth ulcers) in pediatric patients. After 2 d of treatment 74% of patients indicated a positive improvement in symptoms and after 4 d, 80% of patients indicated a decrease in provoked pain (38) . Another hydrogel application, involves the reconstruction of pediatric trachea in athymic mice. The construct was a combination of biodegradable hydrogel (Pluronic F127) and nonbiodegradable high-density polyethylene (HDP) as an internal support in a predetermined trachea shape. A hydrogel-human chrondrocyte mixture was painted onto the HDP surface and was implanted s.c. for a period of 8 wk. After implantation, the tissue-engineered trachea construct indicated no inflammation and histology exhibited an increased proteoglycan production. Type II collagen gene expression was also evaluated as it is a major protein in mature cartilage matrix. Increased gene expression was noted in the explanted trachea construct indicating extracellular matrix formation (39) . A recent study in Germany evaluated the application of expandable Osmed hydrogels (vinylpyrrolidone and methylmethacrylate) for treatment of cleft palate repair in children. Initial results indicated that palate repair was surgically easier using hydrogel implantation and facial growth distortions may be reduced (40) . Injectable hydrogel pellets (N-vinyl pyrrolidone methylmethacrylate) have been successfully used for treatment of congenital microphthalmos in pediatric patients (41) . Silicone hydrogel contact lenses were also used as a therapeutic treatment for a variety of eye conditions in pediatric patients (42) .
APPLICATIONS
Drug delivery. Drug delivery involves release of a target drug to a specific cell type at a precise and prolonged period of time. Even though numerous drugs are available for use in adults, the majority of these cannot be used in children and pediatricians end up modifying adult dosages for pediatric use. Reasons for these modifications include limited studies involving drug dosage formulations according to age and the lack of suitable drug delivery methods in children. The most common method of drug delivery in children is through needle-vaccinations. Until recently, alternative methods of drug delivery tailored toward the pediatric population have not been pursued due to the small market size, high manufacturing cost, and nonavailability of children in clinical trials due to ethical reasons. Even though numerous therapeutic molecules are being discovered, everyday there is a significant lack of suitable drug delivery methods for the pediatric population. However, a recent study has tried to highlight and approach this problem. The study included the oral delivery of fenretinide (N-(4-hydroxyphenyl) retinamide (4-HPR)) in LYM-X-SORB matrix and within a LYM-X-SORB powder. Fenretinide has been shown to reduce or inhibit the growth of tumor cells and LYM-X-SORB is a lipid-based matrix designed to improve the solubility and bioavailability of drugs. Different doses of the drug delivery system were delivered orally in the BALB/c mouse model. The levels of 4-HPR and N-(4-methoxyphenyl)retinamide measured in plasma and tissues increased in both powder and matrix delivery systems compared with delivery through a traditional corn oil capsule. The nude mouse model was used to establish a human neuroblastoma cell line and treated with the drug-matrix or drug-powder. Treatment with the powdered drug delivery system showed an increased mice survival rate, indicating that the drug was bioavailable and bioactive. This study is a step forward toward a successful pediatric drug delivery system (43) .
Bone tissue engineering. Bone repair strategies in the pediatric population remain a challenge. Traditional adult treatment options cannot be applied to children as their bones are still in the development stages. Moreover, the thickness of the pediatric bone is thinner compared with adult bone and during surgery long-term survival of the child has to be considered. A recent study applied a scaffold construct consisting of carbonated apatite bone cement with polylactic acid plates for repair of a pediatric skull defect. Thirty-four pediatric patients with skull defects were treated with the scaffold construct and examined at 3 d and 3 mo postoperatively using computer tomography scans. After implantation, the construct was not associated with dislodgement, infection, or formation of local hematomas or seromas. A follow-up after 60 mo indicated no complications or failures after surgery in any patient (44) . As the pediatric bone is still developing, osteointegration of the scaffold material has to be considered during treatment of bone defects. For pediatric skull repair, osteogenesis was induced by transplanting autologous bone marrow cells. The autologous bone marrow mononucleated cells were seeded onto a freeze-dried collagen matrix associated with a nonceramic hydroxyapatite scaffold. This scaffold was sandwiched between two sheets of polylactic copolymer material. The complete scaffold was applied to repair cranial skull defects in four pediatric patients. Initial results indicated rapid bone osteogenesis and a reduction in the size of skull defect (45) . A recent case report described the use of a combination of Gore-Tex Dualmesh plus biomaterial and mandibular multiperforated titanium plates with screws to repair the anterior chest wall. The repair was performed on a 16 ϫ 8 cm defect after a tumor had been resected from the sternum. The scaffold was smooth and inert on the inner surface, which did not allow tissue in-growth, and the outer surface was textured, which promoted increased tissue incorporation. Results indicated that the reconstructed chest wall had no deformities and was not associated with any respiratory infections (46) . A granulated biocomposite material GAP-00 had been used to repair jaw lesions in pediatric patients. Long-term results indicated improved cosmetic and functional outcomes and full rehabilitation was achieved (47) .
Cardiovascular tissue engineering. Congenital cardiovascular diseases affect a large population of children. Cardiovascular tissue engineering in the pediatric population involves replacement of damaged vessels, and heart valves. A number of scaffolds have been used for cardiovascular reconstruction in pediatric patients with complex congenital heart defects. A recent study evaluated a biodegradable polyester urethane scaffold to repair a ventricular tract defect in adult rats. The scaffold was an elastic porous material designed to facilitate cellular in-growth during the healing process. Thus, this attempts to overcome the problem of the current scaffolds, which do not grow with children. After surgery, the scaffold material was completely encapsulated with fibrous tissue, thrombosis was not noted and fibroblastic growth increased with time. Recent studies have also been focusing on applying a cell-scaffold matrix for cardiovascular tissue engineering. Bone marrow-derived mesenchymal cells cultured on a polyglycolic acid and poly-4-hydroxybutyrate scaffold was developed as a tissue-engineered trileaflet heart valve. Histologic studies exhibited increased cellular confluency on the scaffold surface. Biomechanical properties of the scaffold were similar to the native heart valve leaflets (48) . Umbilical cord bloodderived endothelial progenitor cells have also been seeded onto a biodegradable vascular scaffold (polyglycolic-acid). Scaffold analysis indicated increased cell to polymer attachment and proliferation. Immunohistochemistry revealed cellular expression of endothelial phenotype (49) . A more recent study applied similar cell source toward developing a trileaflet heart valve scaffold (50) . Thus, the cell-scaffold approach may be a potential treatment option for the repair of congenital defects.
Skin tissue engineering. Majority of skin tissue-engineering research for pediatric patients involves treatment of second degree burns as they are the second leading cause of death in children under the age of 5 (51). Current treatment methods involve the application of autograft, which does not always lead to an ideal repair. Recently, commercial treatment options include Biobrane, Integra artificial dermis, Mepitel and TransCyte. Biobrane is a tissue-engineered biocomposite consisting of silicone and nylon fabric with chemically bound porcine dermal collagen. One study compared the repair of pediatric burns between Biobrane and Duoderm. Duoderm is a dressing commonly used to heal ulcers or acne. Both dressings healed the burns in comparable time and no difference was noted in pain scores. However, Biobrane was found to be more expensive than Duoderm (52) . A similar study investigated the use of Biobrane in treatment of burn and scald injuries in pediatric patients (53) . The dressing is usually removed after 7-14 d after tissue healing is noted. The Integra artificial dermis is a tissue-engineered porous matrix composed of cross-linked bovine tendon collagen and glycosaminoglycan and a silicone layer. Pediatric reconstructive surgery was performed on 11 patients using this matrix. Infection and hypertrophic scars was noted in 2 of the patients. In the remaining patients, cosmetic appearance was excellent (54) . A more recent study investigated the use of TransCyte a tissueengineered skin substitute. TransCyte consists of a polymer membrane and newborn human fibroblast cells cultured under aseptic conditions in vitro on a nylon mesh. The bioengineered skin substitute was used to treat partial thickness burns in pediatric patients. Increased skin tissue healing was observed in 7.5 d for the TransCyte group compared with 9.5 d for Biobrane group. The TransCyte dressing also required less autografting compared with the Biobrane group (55). However, the cost of TransCyte is more than Biobrane dressing. Most of the above mentioned commercial treatments are applied for intermediate burns. For more complex deep partial thickness burns, other tissue-engineering alternatives are being researched. One of the most researched areas is the use of tissue-engineered fetal skin scaffolds. Donated fetal skin grafts are used to culture fetal skin cells, which are seeded onto collagen sheets. The resulting fetal skin scaffold is then directly applied for treatment of burns. A recent clinical trial included eight pediatric patients in treatment of second-degree burns using fetal skin constructs. Results indicated complete healing and no need for autografting, thus indicating the potential of fetal skin constructs in skin tissue engineering (56) .
SUMMARY
Biomaterials are available or can be produced synthetically with a variety of different chemical, mechanical, and biologic properties. For pediatric tissue-engineering applications, scaffolds have to undergo structural and biologic modifications to meet the developmental changes in children. Tissue engineering along with integration of mechanical and chemical engineering can be an ideal solution to pediatric disorders. Biomaterials as scaffolds can attempt to successfully create a regenerative cell or growth factor or drug scaffold environment depending upon the respective application. Through the integration of tissue engineering and medical surgeons, many pediatric surgical problems may be solved.
